Two gene clusters on the Escherichia coli chromosome were induced at early times after T4 infection when >99% of the cells were infected: the lactose (lac) operon and prophage X. Their messenger ribonucleic acid (mRNA) was detected by hybridization to 480 dlac deoxyribonucleic acid (DNA) and XDNA, respectively. Synthesis of host mRNA could be initiated during the first few minutes after T4 infection, although no #3-galactosidase activity could be detected. Hybridization analyses of selected fractions from sucrose gradients revealed that most of this lac mRNA induced at very early times of T4 infection was not associated with ribosomes. In contrast, virtually all lac mRNA in uninfected bacteria was associated with polysomes. This exclusion affected all host mRNA; about 70% of E. coli 3H-mRNA, labeled from 2 to 3 min after T4 infection, was excluded from polysomes. Infection even reduced the yield of,-galactosidase from lac mRNA induced before infection. Gradients from rifampicin-inhibited cells showed the normal growth of lac mRNA polysomes; in contrast, T4 infection prevented growth of the preinduced lac polysomes. It is concluded that T4 infection interferes within seconds with the reassociation of ribosomes to host mRNA.
analyses of selected fractions from sucrose gradients revealed that most of this lac mRNA induced at very early times of T4 infection was not associated with ribosomes. In contrast, virtually all lac mRNA in uninfected bacteria was associated with polysomes. This exclusion affected all host mRNA; about 70% of E. coli 3H-mRNA, labeled from 2 to 3 min after T4 infection, was excluded from polysomes. Infection even reduced the yield of,-galactosidase from lac mRNA induced before infection. Gradients from rifampicin-inhibited cells showed the normal growth of lac mRNA polysomes; in contrast, T4 infection prevented growth of the preinduced lac polysomes. It is concluded that T4 infection interferes within seconds with the reassociation of ribosomes to host mRNA.
Infection of Escherichia coli by certain viruses such as the T-even phages causes an immediate block in the induction of host-specific enzymes (3, 4, 26, 32) . This inhibition has generally been attributed to a sudden decline in host nucleic acid synthesis (6, 15, 30, 37) . However, by using improved detection procedures, it was concluded that measurable host ribonucleic acid (RNA) is synthesized for several minutes after infection (21, 25) ; this RNA appears to contain stable and messenger RNA (mRNA) in normal proportions (21) . The relationship of this host RNA synthesis to the failure to form host proteins is investigated in this paper to further our understanding of the mechanism of "takeover" of an infected cell by these viruses.
Synthesis of bacterial mRNA during infection could represent transcription of one or both of two classes of molecules: mRNA initiated before infection and completed in the first minutes of infection or molecules initiated as well as transcribed only after infection. Since it is probable that transcription of long operons requires minutes (2, 27, 29, 40) , the former class cannot be excluded without more information regarding the size distribution of E. coli mRNA. However, the capacity to initiate mRNA during infection can be measured by inducing a host gene whose RNA product can be detected by hydridization to its complementary deoxyribonucleic acid (DNA) strand. We have estimated RNA synthesis from two inducible gene clusters: RNA induced from the lactose operon (lac mRNA), detected by hybridization to 480dlac DNA, and RNA induced from the resident prophage x, detected with x DNA. In both cases, significant amounts of new mRNA can be induced at times when the infection is complete as judged by other criteria.
However, this induced lac mRNA, as well as most host mRNA, appears to be excluded from polysomes. The results suggest that infection interferes immediately with the association of ribosomes with host mRNA and that this effect can account for the very early inhibition of enzyme induction.
INDUCTION OF HOST RNA IN T4 INFECTION
MATERIAILS AND METHODS Bacteria, phage, and growth conditions. For lac mRNA induction studies, E. coli K-12 was the same strain used in the initial study (21) . It is not infected by R17 phage, suggesting an F-phenotype. It was grown at 37 C in an inorganic salts medium (23) supplemented with either glucose (0.2%) or a mixture of amino acids (1%) derived from a hydrolysate of vitamin-free casein (amino acids; Difco) or amino acids plus glycerol (0.2%). The mass doubling times were 45, 56, and 35 min, respectively, in each of the above media. Bacteriophage T4B was used in all experiments. L-Tryptophan was present at about 10 jug/ml at the time of infection. Preparation of 480 dlac phage. After the centrifugation cycles, the mixed phage liberated by induction of strain CA 5004 were mixed with CsCl (1.500 g/ml) and centrifuged at 68,500 X g in an SW39 Spinco rotor for 30 hr. A band of the defective 480 dlac phage (p = 1.501) was clearly resolved from the upper band of the active phage (p = 1.485). Best separations were achieved by pumping CsCl out from the top of the gradient while slowly lowering a steel collecting tube. Enrichment of the defective phage was estimated from the absorbancy at 260 nm per PFU. Enrichments were 3.5 times or more. Thus, if the two phage were present in equal numbers in the mixed lysate, this would indicate about 85% purity in the final 480 dlac preparation.
Denaturation of DNA. E. coil T4 and calf thymus DNA were purified and denatured as described previously (24) . DNA from X or 480 dlac were purified by the same procedures. However, because of their greater homogeneity, the smaller phage DNA were brought to 0 C after alkaline denaturation and neutralized at a final concentration of only 2 ,g/ml to minimize reannealing before trapping on nitrocellulose filter.
Hybridization of RNA to DNA. The procedures have been described in detail (24) . Unless specified otherwise, all reactions were performed with the following amounts of DNA trapped to a filter: 25 gg of 480 dlac, 50 ,g of T4, 50 ,g of X, 50 jug of calf thymus, or 100 jg of E. coli. Thus, all DNA sites were in excess except for the reaction of E. coil RNA to its DNA (22) .
Preparation and analyses of lysates containing polysomes. E. coli K-12 cells were lysed by the procedure of Godson (9) and centrifuged through 15 to 30% sucrose made in 0.01 M tris(hydroxymethyl)-aminomethane (Tris)-hydrochloride (pH 7.3), 0.01 M MgSO4, and 0.05 M KCl or NaCl as specified in each figure. Centrifugation was 110,000 X g in the S110 swinging bucket rotor of the model B60 International centrifuge. After centrifugation, the contents were collected in fractions by pumping from the bottom through a stainless-steel tube. (This procedure was kindly demonstrated to us by L. Luzzatto in the laboratory of D. Schlessinger.) Usually three gradients were collected simultaneously. Odd-numbered fractions were brought to 5% trichloroacetic acid, whereas the even-numbered fractions (twice the volume of the odd-numbered) were brought to 0.1% sodium dodecyl sulfate (SDS) and saved. The dry pellet remaining in the tube was resuspended in buffer containing 0.1%I SDS for analyses.
After the acidified fractions had been plated and counted to show the patterns of radioactive 14C-and 3H-RNA, even-numbered fractions were There was no detectable synthesis of f-galactosidase when bacteria were induced and infected simultaneously (reference 21; (1) . Similarly, the complete inhibition of j-galactosidase synthesis means the absence of the enzyme activity which appears 2 or 3 min after induction of uninfected cells. Since induction 30 sec before infection results in a measurable burst of this activity (21) , it means that infection prevents the expression of "30-sec worth" of normal induced enzyme.
The X induction studies were done with strains that are killed more slowly (with or without prophage) by T4 than the above strain. Therefore, to ensure that virtually all bacteria were infected when the X mRNA was induced, the bacteria were superinfected with a higher multiplicity at 2 min to infect any cells surviving the initial infection. Under these conditions, very few of the initially infected cells are lysed from without even with such a high multiplicity of infection because of the exclusion of the superinfecting phage (36) . The viable cell count and number of bacteria capable of giving a x plaque after T4 infection of E. coli 594xCI857 are shown in Fig.  2 . By both criteria, < 1% of the cells were not infected at 4 min; at this time, the temperature was raised to induce the x prophage.
Induction of lac mRNA during T4 infection. Induction of lac mRNA was measured in different media during T4 infection (Table 1) under conditions in which no f-galactosidase activity could be detected (Fig. 1 The level of x mRNA increased very soon after bringing the culture to 40 C; close to 1% of the RNA labeled from 2 to 3 min after induction annealed to x DNA (culture 3). When the lysogen was induced 4 min after T4 infection, almost as much of the RNA synthesized from 2 to 3 min later was X-specific (culture 4). In the uninfected bacteria, the X-specific RNA increased rapidly with time of induction (culture 5). However, x mRNA synthesis was shut-off late in T4 infection (culture 6); this was expected since there is very little, if any, E. coli RNA synthesized at these late times after infection (21) . This could explain why no X mRNA synthesis was detected during T4 infection in an earlier study; the RNA was labeled 7 to 8 min after infection (14) .
The same measurements were made with two other lysogens (AB301-XCI857 and Y1O-XCI857)
with similar results. The significant conclusion is that almost normal amounts of X mRNA can be induced at an early time after T4 infection, but it is at a time nonetheless when virtually all of the bacteria are irreversibly infected. It is probable that the X genome is still integrated at this early time since excision requires the protein products of at least the int (8, 10) and xis (11) genes of X.
Thus, in this respect, the induction of X mRNA is comparable to induction of a specific host RNA.
Exclusion of newly synthesized E. coli RNA from polysomes during T4 infection. An effort was made to determine why host mRNA induced during infection was not translated. The association of ribosomes with host mRNA was examined in polysome gradients. Figure 3 shows the sedimentation of stable and newly synthesized RNA components from uninfected bacteria. About 60% of the stable RNA (70% of the ribosomal material) sedimented in the polysome region with about 50% of the newly synthesized RNA (3H-RNA). This value (50%) corresponds to the fraction of newly synthesized RNA that is mRNA (22) , indicating that the total mRNA is in polysomes (28) . The distribution of newly synthesized E. coli RNA was very different in T4-infected cells.
RNA was labeled from 2 to 3 min after infection; at this time, 30 to 40% of the exogenous uracil is entering host RNA while the remainder is incorporated into T4 RNA (21) . The fraction of total E. coli and T4 3H-RNA that is present in each region of a gradient is shown in Fig. 4 of the newly synthesized E. coli RNA was associated with polysomes, whereas the remainder was not. In contrast, about 65 to 70% of the 3H-T4 RNA sedimented with polysomes.
Since 50%0 of the pulse-labeled RNA of the uninfected bacteria sedimented with p9lysomes ( Fig. 3) The same experiment was repeated, but the gradients were centrifuged for a longer time to estimate the sedimentation rates of the host mRNA that is free from ribosomes (Fig. 5) . Again, only 15% of the host 3H-RNA was in the polysome region, and, of the remainder, close to half sedimented at about 30S and the other half in a separate peak centered at about 16S. No further studies have been done to determine if, for instance, the heavier material is E. coli mRNA bound to 30S ribosomal subunits.
Effect of T4 infection on lac mRNA-polysome complex. Lysates from uninfected bacteria, grown in amino acids medium and pulse-labeled from 30 to 90 sec after induction, are shown in Fig. 6 . In this and subsequent figures, the values given in each region show: (a) the 3H-RNA (per cent of total) in the region, (b) the percentage of the 3H-RNA that is lac-specific, and (c) the amount of 3H-lac RNA (per cent of total lac RNA). The latter figure is derived from (ai) (bi)/X(ai) (bi) X 100. The most important observation is that shortly after induction of uninfected cells little if any lac mRNA can be observed in the top fraction, i.e., in the region of the gradient that is free from complete 70S monosomes. It is probable that synthesis of mRNA does not occur normally in the absence of an associated ribosome.
A parallel gradient from T4-infected cells is shown in Fig. 7 Fig. 3 , except that 3H-uracil was added 2 min after T4 infection and the culture was brought to 0 C 0.5 min later. Thle lysate was centrifuged for 3.5 hr, and alternate one-third fractions were acidified to measure labeled RNA whereas the twothirds fractions were saved. These latter fractions were later pooled into the regions shown, and their RNA was purified for hybridization analyses. The Fig. 4 . Bacteria were induced with isopropyl-f3-Dthiogalactoside at 5 X 108 cells/ml and exposed to 3H-uracil 30 sec later. The culture was brought to 0 C at 90 sec. Lysates were centrifuged for 3 hr, and alternate fractions were acidified for radioactivity measurement or RNA purification (see legend of Distribution of induced lac mRNA in polysome and nonpolysome fractions of T4-infected E. coli grown in amino acids medium. Bacteria were grown, labeled, and analyzed as described in Fig. 6 , except that the cells were infected with T4 30 sec before induction with isopropyl-g-D-thiogalactoside. "4C-stable RNA (0); 3H-pulse-labeled RNA (0). after infection. Thus, the infected cultures were labeled for the same period after induction as were the uninfected bacteria. The resulting gradient was divided into only two regions, polysome and nonpolysome, since only limiting amounts of radioactivity could be incorporated during infection in that growth medium. How-ever, this division is adequate to demonstrate that both the specific activity (per cent of 3H hybridized to lac DNA) and the amount of lac mRNA are much higher in the nonpolysome region than in the region of polysomes. About two-thirds of the total 3H-lac RNA is not associated with ribosomes.
Similar results were observed when induction and infection occurred in salts-glucose medium (Fig. 8) . That some lac mRNA was found in polysomes probably reflects the fact that infection occurred somewhat slower in salts-glucose than in amino acids medium.
Effect of infection on preinduced mRNA. The effects of rifampicin inhibition and phage infection on the translational yield of preinduced lac mRNA have been compared. Since rifampicin inhibits the initiation of RNA synthesis but not continued transcription (7, 38) , it should affect expression of the lac operon in an identical fashion as does inducer removal (35) . However, as /0) opposed to inducer removal, rifampicin affected all operons as well as lac. Rifampicin completely prevented the induction of 3-galactosidase but allowed a "burst" of enzyme synthesis when added very soon after inducer. This burst was significantly higher than that observed when T4 was added after inducer. Thus, as shown in earlier studies (19, 31) , infection decreases the normal translational yield of the preexisting mRNA; this suggests that infection affects the translation of all host mRNA, including those molecules initiated before T4 adsorption. We compared the distribution of preinduced lac mRNA on polysomes in T4-infected versus rifampicin-inhibited bacteria. Isopropyl-3-D-thiogalactoside and 3H-uracil were added to each of three parallel cultures at zero time. At 1 min, T4 and unlabeled uracil were added to one culture, rifampicin and unlabeled uracil were added to a second, and unlabeled uracil was added to a third (control). All three were chilled 1 min later. Polysome gradients from the cell lysates are shown in Fig. 9 . If we assume that rifampicin prevents new transcriptional initiations whereas T4 prevents or decreases new translational initiations at the 5' ends of mRNA, several predictions can be made.
(i) There should be an enrichment (percentage of 3H that is lac-specific) for lac mRNA on the polysomes of rifampicin versus control bacteria.
(ii) There should be an enrichment for lac mRNA on the polysomes (especially the smallest) of T4-infected versus control bacteria. (iii) The total amount of 3H-lac mRNA should be significantly lower on polysomes of T4-infected compared to rifampicin-inhibited bacteria.
First, the lac mRNA is very large compared to the bulk of E. coli messages (5, 17, 34, 39) and all other types of mRNA are in various phases of synthesis and breakdown; in contrast, all of the lac mRNA had been initiated from 0 min on. Therefore, in rifampicin-treated bacteria, many of the other mRNA types are chased off the polysomes from 1 to 2 min to give an enrichment for lac RNA. This is observed in that the percentage of 3H that is lac-specific is two to three times higher in the rifampicin compared to the control cultures (prediction one). (Fig. 3) . Lysates of the bacteria were analyzed as described in Fig. 6 . 11C-stable RNA (0); 3H-pulse-labeled RNA (0). degraded by a 5' exonuclease or be detached from the polysome by an endonuclease. In the latter case, 3H-lac RNA would appear at the top region of the gradient, and, in fact, there is lac-specific RNA in the nonribosome region. In either case, there would be an enrichment of lac mRNA, especially on the smallest polysomes, since not only will other host mRNA be chased out of these structures but much more lac mRNA will accumulate in polysomes of this size-class because of this inability to grow in size; as shown, the lac mRNA is five times enriched (0.80/0.16) in this region (prediction two). VOL. 6, 1970 KENNELL Finally, if the 5' sides of the unprotected 3H-lac mRNA were attacked by nuclease, the total amount of 3H-lac mRNA should be significantly lower on polysomes of T4-infected compared to rifampicin-inhibited bacteria. In the case of the drug-inhibited cells, new ribosomes would be added onto the preinduced lac mRNA; this would protect the 5' ends to give them a normal lifetime and also to increase their average size up until the initial attack on the 5' end prevented further ribosomes from attaching. Since the total 3H-RNA per milliliter is about the same in both cultures, the amount of 3H-lac RNA per region is given by the product of the 3H per region (per cent) and the percentage of 8H that is lac-specific. From this, it can be shown that there is 2.5 times more 3H-lac RNA on the two heavy polysome classes of the rifampicin-treated compared to the T4-inhibited bacteria and about twice as much lac mRNA on the total polysome population (prediction three). DISCUSSION The experiments reported in this paper show that the transcription of mRNA from the E. coli chromosome can be initiated during the early minutes of T4 infection. However, this mRNA cannot be translated into active enzyme. Thus, the immediate block in the capacity to induce enzymes is not due to inhibition of either transcription or its initiation but to a later step. An effort was made to identify this step.
It was observed that most of the lac mRNA induced during infection did not sediment with the fast-moving polysome structures. That this was not unique to the lac RNA was shown by the fact that about 70% of the host mRNA synthesized early in infection was excluded from polysomes. Furthermore, lac mRNA induced before infection gave an abnormally low yield of enzyme. This suggested that the immediate effects of infection on translation were not only on mRNA initiated during infection but also on host mRNA that was in the process of being transcribed and translated at the time of infection.
To investigate this possibility, the effects of T4 infection on the translation of preinduced lac mRNA were compared to the effects of rifampicin on its translation. For these studies, rifampicin inhibition was preferable to inducer removal because, like T4 infection, it acted not only on the lac operon but on all bacterial transcriptions, thus allowing a more direct comparison of the distributions of lac mRNA on polysomes in the two cases. Large polysomes were attained when further transcription-initiations were prevented by rifampicin since this inhibitor did not interfere with transcriptions already in progress. However, T4 infection appeared to prevent preinduced lac mRNA from becoming a part of larger polysome structures.
One interpretation of these results would be that infection greatly reduces the capacity of ribosomes to attach to the 5' end of host RNA. Such a defect could result from any of a number of causes which would have to be specific to host but not to phage mRNA expression, e.g., (i) release of a 5' exonuclease that degraded the ends of host mRNA; (ii) some alteration in ribosomes (16; F. L. Smith and R. Haselkorn, Cold Spring Harbor Symp. Quant. Biol., in press) or transfer RNA (20) such that they could not attach; (iii) loss, perhaps by permeability changes (33) , of a specific cofactor required to initiate host translation; or (iv) some structural change of the host DNA-ribosomes-membrane complex that would make the ribosomes less accessible to host messengers. These alternatives are being examined.
What process in infection is responsible for this early inhibition? Adsorption of DNA-less phage ghosts is sufficient to inhibit host protein synthesis although it produces only a partial inhibition of transcription (R. Fabricant and D. Kennell, in preparation). This finding, along with the fact that the effects on translation-initiation are so immediate, makes it seem likely that the effects on translation observed in the early minutes of infection are caused by the attachment process itself rather than by expression of a phage gene.
It should be noted that in vitro studies of peptide synthesis by extracts from T4-infected cells suggest a second translational control that is dependent on a phage protein. Inhibition of R17 RNA-directed peptide synthesis by extracts from T4-infected cells had been reported by Salser and Gesteland, as cited by Hattman and Hofschneider (13) , whereas Smith and Haselkorn (Cold Spring Harbor Symp. Quant. Biol., in press) have observed several new proteins in ribosomes from T4-infected bacteria. In extracts from 12-min T4-infected cells, Hsu et al. (16) reported reduced translational yields from E. coli and MS2 RNA but not from T4 RNA. This selective inhibition was found to be due to a heat-labile factor that did not appear until several minutes after infection. Furthermore, it was not made in the presence of chloramphenicol (16) . Thus, it seems clear that the very early translational control observed in the present paper results from a different mechanism.
